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A B S T R A C T

The in vitro percutaneous absorption assay is standardized, but the common use of 50 % ethanol in the receptor 
compartment for lipophilic compounds is questioned. In parallel, the demand for animal-free methodologies is 
driving the application of synthetic membranes without standardization guidelines. To address these issues, this 
study investigated the permeation of the lipophilic compound chlorpyrifos using different ethanol-containing 
receptor fluids with human and pig skin ex vivo, and silicone and STRAT-M® membranes. The results consid
ered several factors, particularly chlorpyrifos solubility and the contact angles between skin models and receptor 
fluids. Original experimental approaches demonstrated that ethanol from the receptor rapidly crosses to the 
donor compartment increasing chlorpyrifos diffusivity. Compared to the described in vivo dermal absorption, 
human skin and STRAT-M® yielded the best predictive permeation parameters. However, high percentage of 
ethanol in the receptor fluid can lead to an overestimation of percutaneous absorption. Summing up, it is 
important to carefully determine the concentration of ethanol to be used in the receptor fluid of lipophilic 
compounds’ assays while further research with synthetic membranes is needed prior to their wider adoption.

1. Introduction

The in vitro assay of percutaneous absorption of chemicals is widely 
used to investigate the dermal absorption of chemical compounds. Franz 
cells (Franz, 1975) and other format diffusion cells have been valuable 
tools for skin permeation experiments supporting risk assessment and 
drug delivery studies of candidate drugs, toxicants, and skin formulation 
excipients (Azarbayjani et al., 2010; Beriro et al., 2016; Chedik et al., 
2024; OECD, 2022; Silva et al., 2021a; Sung et al., 2019; Thors et al., 
2016). These experimental systems are apparatus composed of a donor 
and receptor compartments tightly connected with a skin sample or 
other permeation barrier in between. After applying the chemical to test 
on the external part of the skin in the donor compartment, its gradual 
accumulation in the fluid filling the receptor compartment indicates its 

ease of permeation through the skin.
There have been significant advances in the standardization of these 

assays. The Organization for Economic Co-operation and Development 
(OECD) provides guidelines for the experimental conditions (OECD, 
2004, 2022) together with the calculus of two essential parameters, the 
flux and lag time (Tlag) of permeation that require a constant compound 
concentration at the skin surface over the exposure time respecting the 
sink condition (OECD, 2004, 2022). However, some methodological 
issues of the assay remain under debate, such as the appropriate skin 
source, vehicles and receptor fluid composition for poorly soluble ana
lytes (Beriro et al., 2016; Chedik et al., 2024; Hopf et al., 2020).

As surrogate for human skin, pig or non-human primate skin are 
considered the best predictive models of human percutaneous absorp
tion to be used in the in vitro assays (OECD, 2022). In parallel, a related 

* Corresponding author. Laboratory of Separation and Reaction Engineering-Laboratory of Catalysis and Materials (LSRE-LCM), Polytechnic Institute of Leiria, 
2411-901, Leiria, Portugal.

** Corresponding author. School of Technology and Management, Polytechnic Institute of Leiria, Morro do Lena-Alto do Vieiro, 2411-901, Leiria, Portugal.
E-mail addresses: dorinda.silva@ipleiria.pt (D. Marques-da-Silva), ricardo.lagoa@ipleiria.pt (R. Lagoa). 

Contents lists available at ScienceDirect

Regulatory Toxicology and Pharmacology

journal homepage: www.elsevier.com/locate/yrtph

https://doi.org/10.1016/j.yrtph.2025.105931
Received 4 June 2025; Received in revised form 29 July 2025; Accepted 23 August 2025  

Regulatory Toxicology and Pharmacology 163 (2025) 105931 

Available online 23 August 2025 
0273-2300/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-0460-5421
https://orcid.org/0000-0003-0460-5421
mailto:dorinda.silva@ipleiria.pt
mailto:ricardo.lagoa@ipleiria.pt
www.sciencedirect.com/science/journal/02732300
https://www.elsevier.com/locate/yrtph
https://doi.org/10.1016/j.yrtph.2025.105931
https://doi.org/10.1016/j.yrtph.2025.105931
http://creativecommons.org/licenses/by/4.0/


and emerging topic is the development of animal-free methodologies to 
replace conventional assays using biological tissues like skin. Diverse 
synthetic membranes have been investigated as alternatives that mimic 
the permeation of compounds across human skin (Haq et al., 2018; 
Kovács et al., 2021; Marques-da-Silva et al., 2022; Neupane et al., 2020). 
Silicone membrane was shown to mimic the skin permeation of caffeine 
(Uchida et al., 2016), and the STRAT-M® membrane was suggested as a 
valuable tool to investigate dermal absorption of hydrophobic and low 
hydrophilic compounds like plasticizers and several drugs (Merck, 2018; 
Olkowska and Gržinić, 2022; Simon et al., 2016; Uchida et al., 2015). In 
this sense, silicone and STRAT-M® membranes stand out compared to ex 
vivo skin regarding their accessibility, cost-effectiveness and easy-to-use 
properties. Nevertheless, the OECD guidelines do not emit any consid
eration regarding the possible use of these alterative barriers in assays 
for assessing dermal absorption of chemicals. In addition, the lack of 
studies of synthetic membranes with varying receptor fluids and other 
experimental conditions is another gap hindering their adoption in new 
approach methodologies.

The composition of the fluid in the receptor compartment of the 
diffusion cells employed in the dermal absorption assays of lipophilic 
compounds is one of the experimental issues that is most often empha
sized for standardization (Beriro et al., 2016; Chedik et al., 2024; Hopf 
et al., 2020; Thors et al., 2016). While saline solution is considered 
appropriate for testing hydrophilic solutes, it is not suitable for hydro
phobic compounds with low solubility in aqueous media. For these 
cases, the guidelines recommend the use of solvent mixtures, like 50 % 
(v/v) ethanol or 5 % (w/v) bovine serum albumin (BSA), to ensure the 
solubility of the tested compound in the receptor fluid does not act as a 
rate-limiting step in the permeation process (OECD, 2022). In addition, 
the SCCS Guidelines provide additional criteria on the receptor fluid 
such as having a physiological pH without interfering with skin integrity 
(SCCS, 2010). The criteria of solubility for the penetrated substance in 
the receptor fluid (<10 % saturation) coincides with the criteria indi
cated by the OECD guidelines (OECD, 2022; SCCS, 2010). However, the 
guidelines do not discuss a preferred option regarding receptor fluids 
when investigating lipophilic compounds, nor is there complete support 
for using ethanol at that specific percentage. Being the inclusion of 
ethanol in the fluid a very practical means to increase the solubility of 
lipophilic compounds, different authors have been using diverse con
centrations of the solvent in the receptors of skin permeation assays, 
from 10 % to more than 50 % (Chedik et al., 2024; Haq and 
Michniak-Kohn, 2018). Few works investigate the effect of the concen
tration of ethanol, but there are indications that high percentage etha
nolic receptors might overestimate the human skin permeability to 
compounds (Silva et al., 2021a; Thors et al., 2016). Indeed, ethanol is 

well established to enhance the permeation of compounds across the 
skin by different mechanisms (Berner et al., 1989; Bommannan et al., 
1991; Gupta et al., 2020; Pershing et al., 1990; Watkinson et al., 2009).

In this work, we investigated the permeation of a lipophilic com
pound using ethanol-containing solutions in the receptor compartment 
of Franz cells, both with skin and synthetic membranes. Chlorpyrifos 
was selected as the test compound for several reasons. This pesticide is 
quite hydrophobic (log Ko/w approximately 5), with a water solubility 
similar to other compounds of relevance concerning dermal absorption 
such as polycyclic aromatic hydrocarbons, estradiol, bisphenol A or 
parabens (Beriro et al., 2016; Chedik et al., 2024; Pershing et al., 1990; 
Silva et al., 2021a). Chlorpyrifos is a pesticide widely used and associ
ated with concerning dermal absorption risks derived from occupational 
exposure (EPA, 2020; Farahat et al., 2010; Fenske and Elkner, 1990). 
Moreover, in a previous work we noticed that the published results from 
in vitro percutaneous absorption fluxes of chlorpyrifos measured with 
ethanol (50 %)- and BSA-containing receptors varied more than 2 orders 
of magnitude (Silva et al., 2021a). Finally, there is a significant body of 
chlorpyrifos biomonitoring and human dermal administration studies 
(Fenske and Elkner, 1990; Griffin et al., 1999; Hayat et al., 2019; Nolan 
et al., 1984; Panuwet et al., 2008; Waheed et al., 2017), which are 
summarized in Table S1 of Supplementary Information (SI). Among 
these works, the controlled dermal administration study by Griffin et al. 
(1999) provides useful in vivo data to compare with the in vitro results 
published (Table 1) and those herein reported.

In a nutshell, the results obtained in this work support the use of 
ethanolic receptors instead of BSA-containing solutions in the in vitro 
dermal permeation assay of lipophilic compounds. However, the novel 
experimental approaches herein implemented point out the importance 
of avoiding high percentage ethanolic fluids, as ethanol penetrating the 
skin and synthetic membranes modifies their permeability. We believe 
this work will contribute to leveraging research in risk assessment and 
dermal absorption of hydrophobic compounds – potential toxicants and 
drugs - in two essential directions: 1) gain a further understanding of the 
influence of ethanol in the receptor fluid used in the in vitro dermal 
permeation assay; 2) promote the use of alternative skin models in this 
type of studies.

2. Methods

2.1. Chemicals and human plasma

Chlorpyrifos was purchased from Sigma-Aldrich (purity ≥98 %, cat. 
no. 45395), as well as acetone (≥99.8 %, 34850). Acetonitrile and n- 
hexane were from Chem-Lab/Honeywell (cat. no. 34851 and 34859), 

Table 1 
– Quantification of chlorpyrifos dermal absorption reported in the literature. Flux (or absorption rate) and lag time, besides the concentration and quantity of 
chlorpyrifos permeated at 8h through skin, in different conditions, are presented. The quantity of chlorpyrifos at 8h was normalized to the permeation area of the 
corresponding diffusion cells (or area of in vivo exposed skin).

Study and Dose Flux (μg cm− 2 h− 1) Lag time (h) [Chlorpyrifos] (μg/mL) Chlorpyrifos permeated per area (μg/cm2)

(Sartorelli et al., 1998) Monkey skin ex vivo 
Permeation assays in static diffusion cells (diffusion area 1.77 cm2) with receptor fluid containing 4 % (w/v) of BSA

14.8 μg/cm2 18.89 × 10− 3 7.46 ± 0.52 ND 0.175

(Griffin et al., 2000) Human skin ex vivo 
Permeation assays in flow-through diffusion cells with receptor fluid (volume 0.178 mL) containing 50 % (v/v) of ethanol

732 μg/cm2 1.7 0 3.9 11.7

(Moore et al., 2014) Human skin ex vivo 
Permeation assays in flow-through diffusion cells with receptor fluid (volume 0.4 mL) containing 2 % (w/v) of BSA

11.2 μg/cm2 (3.1 ± 0.2) × 10− 3 5.9 ± 1.6 0.080 0.017

(Griffin et al., 1999) Human dermal absorption in vivo 
Exposure for 8 h and determination of urinary metabolites

400 μg/cm2 0.456 (absorption rate) <1h ND 3.64

ND – No data available.
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while ethanol absolute and BSA (fatty acid-free) were from Fisher 
Chemical (E/0650DF/C17 and BP9704-100). Sodium azide was from 
Riedel-de Haen (cat. no. 13412) and sodium chloride was from Biochem 
Chemopharma (319120500). The plasma was purchased from Biowest 
(cat. no. S4180, batch S00P81), and it has been processed from blood 
from different donors collected on citrate phosphate dextrose.

2.2. Skin and synthetic membranes

Human skin explants with a diameter between 180 mm and 200 mm 
and a thickness inferior to 500 μm were provided by PRIMACYT Cell 
Culture Technology GmbH (Schwerin, Germany) and delivered in the 
laboratory in dry ice. Until the permeation assays the discs were stored 
at − 20 ◦C and then, on the experiment day, the pieces were thawed at 
room temperature. Throughout this work we used human skin from 5 
different donors.

Pig skin was obtained from fresh pig ears, acquired at a local 
butcher’s, and the dermatomed skin was excised from the external- 
dorsal part of the ear. Skin pieces were cut to an approximate area of 
1.77 cm2 and their thickness was measured with a micrometer for a final 
thickness of 500–700 μm. The skin pieces were placed in aluminum foil 
and stored at − 20 ◦C for a maximum of 6 months, and on the experiment 
day, the pieces were thawed at room temperature. Throughout this work 
we used pig skin from 4 different animals.

STRAT-M® membrane was from Millipore (product SKBM02560), 
and the silicone membrane was provided by Lintec (product LTC S1-75). 
Both membranes were mounted in the Franz cells for the permeation 
assays without any previous treatment.

A representative photograph and more details on the skin models 
used can be found in Table S2 of the SI.

2.3. Chlorpyrifos permeation assays

The permeation assays were carried out following the steps described 
by OECD guidelines (OECD, 2004, 2022). Static diffusion cells (Franz 
cells - SES GmbH 4G-01-00-09-05, Permegear, Germany) were used with 
a permeation area of 0.64 cm2. A schematic representation of the Franz 
diffusion cell can be found in Appendix A of the SI. Each skin model was 
mounted between the donor and receptor compartments of the cells. The 
human and pig skins were mounted with the epidermis facing the donor 
compartment, and the silicone and the STRAT-M® membranes were 
mounted with the shiny section facing the donor compartment. For 
every skin model, after mounting it in the donor compartment, the 
watertight conditions were tested as a quality control test. In the case of 
pig skin, the integrity of the batches used in each assay was regularly 
checked by standard assays with the reference compound caffeine 
(OECD, 2022). In cases where the result of the permeability coefficient 
was 100x higher or lower than the accepted value, 3.0 × 10− 8 cm/s 
(Silva et al., 2021b), the skin pieces of the corresponding batch were not 
used. For human skin, the skin integrity was assessed with trans
epidermal water loss (TEWL) values between 0.5 and 13 g m− 2 h− 1 as 
described in (Kluxen et al., 2022). TEWL was measured with a vap
ometer (Delfin Technologies, Finland).

Before applying the pesticide in the donor compartment, the skin or 
membranes were conditioned for 30 min with the receptor solution in 
the Franz cell. After conditioning, the receptor solution was replaced by 
a fresh solution. Different ethanol concentrations were tested in the 
receptor fluid, in the range from 0 to 50 % (v/v), and also 5 % BSA in 
saline (OECD, 2004, 2022).

At the donor compartment, chlorpyrifos (8.8 mg/mL) was applied in 
25 μl acetone for a surface dose of 400 μg/cm2 (1 μmol/cm2), equal to 
the dose in studies with human volunteers (Griffin et al., 1999). Acetone 
is a solvent that evaporates fast, well-accepted to not alter the skin 
permeability and, so, a convenient vehicle for applying hydrophobic 
toxicants on skin (Hopf et al., 2018; Sartorelli et al., 1998). During the 
experiment, the Franz cells were kept at 32 ◦C and contained a magnetic 

stirrer rotating at 600 rpm in the receptor compartment. Samples (50 μl) 
were collected for the next 24h from the receptor at defined time points 
with immediate replacement of the collected volume. The concentration 
of chlorpyrifos was quantified, as described in 2.4, to obtain permeation 
curves. Flux was calculated by using at least 6 time points in the linear 
phase of permeation, and the lag time was computed from the inter
ception of the linear permeation curve with the time axis. In the ex
periments using BSA in the receptor fluid, the pesticide was analyzed at 
8 h after application in the donor compartment. For all the experimental 
conditions studied, triplicate assays were performed.

Additional assays were carried out to assess the potential adsorption 
of chlorpyrifos to the receptor compartment’s glass when low-ethanol 
fluid was used, as described in Appendix B, and the results indicated 
very low adsorption (<10 %). The stability of chlorpyrifos in the re
ceptor fluids was also evaluated and we found no significant differences 
in 1 mg/L solutions incubated at 32 ◦C for 24h (Fig. S1).

2.4. Chlorpyrifos quantification

The concentration of chlorpyrifos in the receptor compartment was 
quantified by reverse-phase HPLC, using an Agilent 1100 system 
equipped with a C18 column and UV detection at 225 nm 
(Marques-da-Silva et al., 2022). The sample injection volume was 20 μL, 
and the mobile phase consisted of acetonitrile:water (85:15) at a flux of 
1 mL/min. For the quantification of the pesticide, considering the effect 
of the sample solvent in peak shape (Keunchkarian et al., 2006), cali
bration curves were obtained with standards dissolved in each of the 
different receptor compositions tested (examples in Fig. S2 of SI).

In the case of experiments using BSA in the receptor fluid, the sam
ples passed by liquid-liquid extraction with hexane before HPLC. In the 
case of BSA, the pesticide in the 5 mL receptor volume at a concentration 
of 0.1 μg/mL was extracted twice for 30 sec with 0.5 mL of hexane, 
achieving an extraction yield of 87 ± 2 %. In these cases, the calibration 
curves were obtained with standards in hexane.

2.5. Determination of chlorpyrifos solubility

The solubility of chlorpyrifos in different solvents was determined by 
adding an excess amount of the pesticide to approximately 1 mL of each 
solvent, in triplicate. The mixtures were incubated at 32 ◦C, with 
agitation, for at least 48 h and not more than 72 h. The samples were 
centrifuged at 14 100 g, for 5 min, to separate the undissolved solid, and 
the supernatant was immediately collected. If necessary, a dilution step 
was performed in the same solvent where solubility was being tested. 
Then, the quantification was performed via HPLC as described in the 
previous section 2.4. To determine the chlorpyrifos solubility in 5 % BSA 
solution, the incubation and centrifugation were carried in the same 
way, and the hexane extraction as described in the previous section.

2.6. Measurement of contact angle

The contact angle related to the interaction of the different solvents 
with the different skin models was investigated for the external and 
internal faces of each model. The skin models were horizontally placed 
on the stage of an optical tensiometer Theta Lite (Biolin Scientific, 
Sweden) and at a lower level of the delivering drop syringe system. The 
moment the drop contacted the skin model, the capture of the contact 
angle was initiated using the software OneAttension for live analysis for 
10 sec enclosing 100 analysis points. The analysis was performed using 
the Young-Laplace fit.

2.7. Upward migration of ethanol and chlorpyrifos from the receptor

To investigate ethanol permeation through the different barriers 
from the receptor compartment to the donor compartment, the Franz 
cell system was established as usual and ethanol was detected via 
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oxidation by acidified potassium dichromate. The assay setup was the 
same as described for the standard permeation assays in 2.3, with the 
skin models placed in the Franz cells at 32 ◦C (without conditioning). 
Once the appropriate fluid was completely added to the receptor 
compartment, a small plastic insert that fitted into the donor compart
ment was placed above the skin model surface, without contacting it, 
and 100 μl of the reactive solution that detects ethanol was added into 
the insert. In a few seconds, the donor was occluded so that the gaseous 
ethanol accumulated in the compartment and reacted with the solution 
in the insert. The solution was a 1:1 mixture of potassium dichromate 
(0.1N) and sulfuric acid (98 %), initially having an orange color that 
gradually fades with the ethanol reduction of dichromate (University of 
Canterbury, n.d.). A photograph of the system (insert in the donor 
compartment) was taken at time points 0, 3, 8, 15, and 30 min, and the 
decolorization of the dichromate solution monitored the accumulation 
of ethanol in the gaseous phase of the donor compartment. The di
chromate decolorization was calculated using the Image J software for 
image processing and analysis by defining a uniform region of interest 
(ROI) for all the images analyzed. The mean values of red, green, and 
blue (RGB) intensities were obtained from the histogram of each ROI. 
The yellow intensity was obtained by adding the red and green in
tensities and, then, dividing by the blue intensity for normalization. The 
yellow intensity at time zero of the assay was considered 100 %, and the 
decolorization percentage was calculated by subtracting the yellow in
tensity at each subsequent time point.

The migration of chlorpyrifos through the different barriers, condi
tioned with the receptor fluids, was studied in upward permeation as
says carried out with the pesticide loaded in the receptor compartment 
and measured in the upper surface of the skin model tested. The Franz 
cells were mounted and the initial 30-min conditioning of the skin or 
synthetic membranes was carried out as described in section 2.3. Then, 
chlorpyrifos was added to the receptor compartment at a concentration 
of 0.16 mg/L (10 times inferior to the solubility in saline solution). After 
8h at 32 ◦C, 100 μl of pure ethanol was deposited over the donor facing 
surface of the skin model and, after 1 min, 50 μl of the extractant was 
collected and injected into the HPLC system for quantification as 
described in section 2.4.

3. Results and discussion

This study encloses experimental data of the permeation of chlor
pyrifos through 4 different skin models: silicone and STRAT-M® mem
branes, and human and pig skin ex vivo. Previously studied with monkey 
and human skin ex vivo (Griffin et al., 2000; Moore et al., 2014; Sartorelli 
et al., 1998), the results obtained using receptors with ethanol (50 %) 
and BSA were significantly different (Table 1). Therefore, different 

receptor fluids were investigated in this work beyond the ones con
taining 5 % BSA or 50 % ethanol recommended by the guidelines 
(OECD, 2004, 2022).

In all the permeation assays, a chlorpyrifos dose of 400 μg/cm2 (1 
μmol/cm2) was applied on the surface of the skin models studied, the 
same dose previously used in the human in vivo study of chlorpyrifos 
dermal absorption carried out by Griffin et al. (1999). This dose fits with 
the maximum value found in the skin of the thighs of cotton field 
workers (applicator) exposed to chlorpyrifos (Farahat et al., 2010). 
Moreover, as deduced in the SI (Appendix A), this dose saturates the skin 
stratum corneum so that maximum fluxes can be obtained to allow for 
direct comparison of the in vitro permeation fluxes and the in vivo ab
sorption rate presented in Table 1.

3.1. Comparison of standardized assay receptor fluids containing ethanol 
and serum albumin

Facing the substantial differences between the published in vitro skin 
permeation data using ethanol- and BSA-containing receptors, and also 
relative to the in vivo data (Table 1), we started by carrying assays of 
chlorpyrifos permeation in the standardized conditions. Following the 
OECD guidelines, dermal permeation was investigated with the recom
mended 5 % (w/v) BSA or 50 % (v/v) ethanol in the receptor fluid 
(OECD, 2004, 2022). The 4 different skin models were tested and an 8h 
permeation time was adopted, a period that simulates occupational 
exposure during a work shift and also followed in the human in vivo 
study of dermal exposure by Griffin et al. (1999).

Table 2 shows the results from the determination of the pesticide in 
the receptor fluids. Our results with human skin were close to those 
obtained by other authors in similar conditions and confirmed that the 
50 % ethanol receptor favors chlorpyrifos permeation. The amount of 
chlorpyrifos found in 50 % ethanol, after 8 h permeation, was 100 times 
superior to the measured in BSA-containing receptors (Tables 1 and 2). 
Regarding the results obtained with pig skin and the STRAT-M® mem
brane, they were not significantly different from the observed with 
human skin, both using the BSA and the ethanolic receptor fluids 
(Table 2). Dissimilarly, the assays performed with the silicone mem
brane presented higher values for the concentration of chlorpyrifos in 
the receptor fluid after 8h when compared to the human skin ex vivo 
(Table 2).

It should be noted that the permeation of chlorpyrifos to the two 
receptor fluids was not limited by the solubility of the pesticide in any of 
the cases. The solubility in the BSA and in the ethanolic solution was 208 
and 1043 mg/L (Table S3), much higher than the concentrations 
attained in the corresponding assays (Table 2). The solubility measured 
in BSA is very close to the value calculated considering the high affinity 

Table 2 
– Permeation of chlorpyrifos through different skin models, in 8h, using receptor fluids containing bovine serum albumin (BSA) or ethanol in the diffusion cells. The 
dose of chlorpyrifos applied was 400 μg/cm2. The quantity of permeated chlorpyrifos was normalized to the permeation area of the corresponding diffusion cells. The 
results from the present work are shown as means ± SE from at least triplicate assays for each condition.

Skin Model BSA in the receptor fluid Ethanol (50 % v/v) in the receptor fluid References

Chlorpyrifos concentration 
(μg/mL)

Chlorpyrifos permeated per area 
(μg/cm2)

Chlorpyrifos concentration 
(μg/mL)

Chlorpyrifos permeated per area 
(μg/cm2)

Human skin 0.080a 0.017a – – Moore et al. 
(2014)

Human skin – – 3.9 11.7 Griffin et al. 
(2000)

Human skin 0.034 ± 0.008b 0.27 ± 0.07b 5.4 ± 2.8 42.6 ± 21.9 Our work
Pig skin 0.034 ± 0.014b 0.27 ± 0.11b 7.7 ± 4.0 60.2 ± 31.3 Our work
Silicone 

membrane
1.77 ± 0.34b 13.8 ± 2.7b 22.5 ± 0.9 175.8 ± 7.0 Our work

STRAT-M® 
membrane

0.023 ± 0.003b 0.18 ± 0.02b 2.6 ± 0.5 20.3 ± 3.9 Our work

a 2 %(w/v) BSA in the receptor fluid.
b 5 %(w/v) BSA in the receptor fluid.
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(logK>5) and one binding site for chlorpyrifos in BSA (Coelho et al., 
2025), 264 mg/L (Table S3).

When comparing to the in vivo absorption data, namely with the 
amount of chlorpyrifos calculated to be dermally absorbed (Table 1), the 
use of ethanol-containing receptors in the in vitro assay afforded a better 
estimation than the BSA receptors. During 8 h skin exposure to chlor
pyrifos, receptors with concentrations of BSA up to 5 % enabled the 
permeation of less than 0.3 μg/cm2, clearly below the 3.64 μg/cm2 

calculated from in vivo data (Table 1). Additionally, when BSA is used in 
the receptor solution a Tlag of 6h was reported (Moore et al., 2014), 
while no lag period was observed in assays using 50 % ethanol in the 
receptor (Griffin et al., 2000), which is more coherent with the rapid 
absorption of chlorpyrifos observed in the human in vivo studies (Griffin 
et al., 1999) with a Tlag inferior to 1h (Table 1).

The Tlag and the amount of chlorpyrifos permeated to receptors with 
50 % ethanol (Table 1) are in general more compatible with the in vivo 
data. However, doubts on the validity of these estimates also arise 
considering their high values and the absence of a justification to use 
ethanol at 50 % in the receptor. As presented in the Introduction, the use 
of high percentage ethanolic receptors has been questioned and requires 
additional support. So, we decided to investigate more thoroughly how 

the concentration of ethanol in the receptor fluid affects the permeation 
of chlorpyrifos in vitro.

3.2. Effect of the ethanol concentration in the receptor fluid on the 
permeation of chlorpyrifos through skin and synthetic membranes

Aiming to understand how ethanol influences the permeation of 
chlorpyrifos, different concentrations of ethanol in the receptor fluid 
were tested with each skin model. The kinetic profiles obtained are 
presented in Fig. 1 and the calculated permeation parameters are in 
Table 3. The concentrations of 0 (saline solution), 10, 30, and 50 % of 
ethanol were studied in general, except with the STRAT-M® membrane, 
with which no permeation was detected with 10 % ethanol and lower 
concentrations were not assessed (Fig. 1D). This is in line with previous 
work pointing that the lipophilic compounds tend to have lower 
permeation through STRAT-M® membrane to a saline (no ethanol) re
ceptor (Haq et al., 2018).

The results show a shift of the permeation profiles when changing the 
percentage of ethanol in the receptor fluid. The higher percentages of 
ethanol in the receptor fluid caused a faster permeation of chlorpyrifos 
and this effect was evident across all the models tested (Fig. 1). 

Fig. 1. – Cumulative permeation curves of chlorpyrifos through human skin (A), pig skin (B), silicone membrane (C), and STRAT-M® membrane (D), using 
different concentrations of ethanol in the receptor fluid of the diffusion cell. The dose of chlorpyrifos applied was 400 μg/cm2. The permeation assays were 
performed at 32 ◦C in static Franz cells with a permeation area of 0.64 cm2. The lines are the best linear regression fits of the experimental data used to calculate 
fluxes, and the lowest correlation coefficients (R2) observed were 0.9, 0.8, 0.9, and 0.8 for human skin, pig skin, silicone, and STRAT-M® membrane, respectively. All 
the experimental results shown are means ± SE from at least triplicate assays for each condition.
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Consistently, a higher concentration of 8-h permeated pesticide was 
measured with higher percentages of ethanol in the receptor fluid (Fig. 2
and Table 3). With pig skin and silicone membrane, the effect of ethanol 
could be noticed with concentrations inferior to 30 %, but higher 
ethanol concentrations also reflected in the 8h-permeated chlorpyrifos 
with human skin and the STRAT-M® membrane.

These results are in agreement with another study that also reported 
a higher permeation of lipophilic organophosphorus compounds 
through human epidermis when assayed with increasing proportions of 
ethanol in the receptor (Thors et al., 2016). In a different work, 
ibuprofen applied in ethanol-water vehicles permeated silicone and 
human skin faster when using higher ethanol percentages in the vehicle 
(Watkinson et al., 2009).

A more refined analysis of the effect of ethanol can be achieved by 
considering the parameters of chlorpyrifos permeation - flux and Tlag - 
calculated from the kinetic curves (Fig. 1). The flux is the mass of the 
compound passing through the skin area per time unit (μg cm-2 h-1). And, 
Tlag is the interception of the linear part of the permeation curve with 
the time axis (Hopf et al., 2020; OECD, 2022). The flux and Tlag of 
chlorpyrifos permeation using the different skin models and receptor 
conditions are presented in Table 3 and Fig. 3. Moreover, additional 
values obtained in other works with ex vivo and in vivo human skin (from 
Table 1) are also represented for comparison in Fig. 3A.

As expected, the percutaneous fluxes of the lipophilic pesticide to 
saline receptor (0 % ethanol) were very low (Table 3). Remarkably, the 
human and pig skin values between 0.2 and 0.3 μg cm− 2 h− 1 were in 
good agreement to the prediction in Appendix A (SI) based on general 
principles of dermal permeation (Mitragotri et al., 2011; Silva et al., 
2021a) and partition coefficients estimated for chlorpyrifos (Raykar 
et al., 1988; Van Der Merwe and Riviere, 2005). However, as Fig. 3A 
illustrates, the ethanol concentration in the receptor fluid increases the 
permeation flux of chlorpyrifos in a skin model-dependent way. The 
crossing through pig skin and the silicone membrane is more sensitive to 
ethanol, while human skin and the STRAT-M® membrane show minor 
and robust responses only to the 50 % concentration. The Tlag of 
chlorpyrifos detection in the receptor compartment after penetration 
through pig skin is also strongly influenced by the ethanol in the re
ceptor fluid (Fig. 3B). With saline (0 % ethanol) in the receptor 
compartment, the Tlag is 8.3 h, but it gradually decreases to less than 2h 
by increasing ethanol to 50 % (Table 3). The Tlag with the other skin 
models was very short (<2h), even for saline receptor, hence an eventual 
decrease caused by ethanol would be difficult to establish (Fig. 3B).

Worth noting, the permeation flux and Tlag herein obtained with 
human skin and 50 % ethanol are close to the results reported by Griffin 
et al. (2000) - represented by the lozenges in Fig. 3. The minor differ
ences in the values can be due to variability in the skin and other 
experimental conditions like the applied dose of chlorpyrifos (Tables 1 
and 3). Very important, the human skin ex vivo and the STRAT-M® 
membrane returned flux and Tlag values close to the human dermal 
absorption data estimated in the Griffin et al. (1999) in vivo study 
(Table 1). No additional studies were found in the literature on chlor
pyrifos permeation with other ethanol concentrations in the receptor 
compartment, nor using pig skin or synthetic membranes.

The pig skin and the silicone membrane assayed with 50 % ethanol, 

Table 3 
– Permeation of chlorpyrifos through different skin models and using varying concentrations of ethanol in the receptor fluid of the diffusion cell. The dose of 
chlorpyrifos applied was 400 μg/cm2. The permeation assays were performed at 32 ◦C in static Franz cells with a receptor volume of 5 mL and a permeation area of 
0.64 cm2. All the results shown are means ± SE from at least triplicate assays for each condition.

Skin Models Ethanol in the receptor 
fluid (%)

Permeation flux (μg 
cm− 2h− 1)

Lag time 
(h)

Concentration of chlorpyrifos permeated at 
8h (μg/mL)

Quantity of chlorpyrifos permeated 
at 8h (μg)

Human Skin 50 6.4 ± 2.8 1.1 ± 0.2 5.4 ± 2.8 27.1 ± 13.9
30 1.31 ± 0.36 1.3 ± 0.4 1.1 ± 0.4 5.6 ± 2.0
10 0.36 ± 0.04 1.5 ± 1.5 0.3 ± 0.1 1.5 ± 0.2
0 0.23 ± 0.03 1.2 ± 0.8 0.2 ± 0.1 1.0 ± 0.5

Pig Skin 50 12.5 ± 4.2 1.55 ±
0.13

7.7 ± 4.0 38.4 ± 20.1

30 3.5 ± 0.6 4.2 ± 1.5 2.7 ± 2.3 13.5 ± 11.5
20 1.8 ± 0.2 5.5 ± 0.5 1.04 ± 0.53 5.3 ± 2.8
10 0.73 ± 0.09 7.5 ± 1.6 0.17 ± 0.25 0.7 ± 1.3
0 0.28 ± 0.03 8.3 ± 1.8 0 ± 0 0 ± 0

Silicone 
membrane

50 90.3 ± 11.6 0.05 ±
0.02

22.5 ± 0.9 112.3 ± 4.3

30 4.8 ± 0.1 0.3 ± 0.2 4.9 ± 1.4 24.3 ± 6.8
10 1.5 ± 0.1 0.6 ± 0.3 1.4 ± 0.2 6.8 ± 0.8
0 0.9 ± 0.1 0.2 ± 0.2 0.8 ± 0.1 3.8 ± 0.4

STRAT-M® 
membrane

50 2.8 ± 0.1 0.7 ± 0.5 2.6 ± 0.5 13.0 ± 2.5
40 0.116 ± 0.021 0 ± 0 0.26 ± 0.05 1.3 ± 0.2
30 0.085 ± 0.011 0 ± 0 0.12 ± 0.03 0.6 ± 0.1
10 0 ± 0 – (<detection limit) (<detection limit)

Fig. 2. – Chlorpyrifos that permeated through different skin models, in 
8h, using receptor fluids containing different concentrations of ethanol in 
the diffusion cell. The purple lozenge represents the data obtained by Griffin 
et al. (2000) using human skin ex vivo. The permeation assays were performed 
at 32 ◦C in static Franz cells with a receptor volume of 5 mL and a permeation 
area of 0.64 cm2. All the results shown are means ± SE from at least triplicate 
assays for each condition.
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afforded fluxes of chlorpyrifos clearly superior to the estimated in vivo 
dermal absorption rate, 0.456 μg cm− 2 h− 1 - depicted by the dashed line 
in Fig. 3A. Nevertheless, both the synthetic membranes and the human 
skin, when assayed with lower concentrations of ethanol (10, 30 or 40 
%), returned flux and Tlag values equally compatible with the in vivo 
estimates (Fig. 3A and B).

These synthetic membranes have been studied as alternative models 
of skin, but only tested with aqueous receptor fluids. Uchida et al. (2016)
proposed the silicone membrane as a validated model of human skin 
permeation for different compounds (Uchida et al., 2016), and our 
previous study with caffeine was in coherence (Silva et al., 2021b). In 
the case of STRAT-M®, according to the supplier, it is designed for 
screening different compounds, including pesticides (Merck, 2018). This 
membrane is seen as an alternative for the evaluation of drug trans
dermal diffusion (Simon et al., 2016) and it was previously described as 
an alternative membrane in skin permeation studies (Haq and 
Michniak-Kohn, 2018; Uchida et al., 2015) for different compounds. 
Nevertheless, although different lipophilic compounds were tested in 
the study of Uchida and colleagues (2015), the maximum octanol-water 
partition coefficient (log Ko/w) tested was 3.5. Data for more lipophilic 
compounds can be found in Merck (2018) brochure, but the composition 
of the receptor fluid used in the assays is not indicated. In the present 
study, STRAT-M® was tested for chlorpyrifos which presents a logKow 
of 4.96 and for the first time with a range of receptors with ethanol up to 
50 % as recommended by the guidelines.

From our results, the Tlag obtained with the synthetic membranes 
are inferior to 1h for all the ethanol concentrations in the receptor fluid 
tested in this work (Fig. 3B), similar to the observed on human skin in 
vivo absorption (Griffin et al., 1999). Although, when analyzing the 
fluxes obtained, the STRAT-M® membrane is the one that approximates 
from the fluxes obtained in the in vivo study (Fig. 3A) supporting it as a 
good synthetic membrane to be used as alternative models in risk 
assessment procedures for chlorpyrifos.

The fact that synthetic membranes and human skin returned valid 
data with receptor fluids containing less than 50 % ethanol suggests that 
the percentage of ethanol in the in vitro permeation assay can be 
reduced. This is especially relevant considering some results point that 
ethanol is affecting the permeation process in other way(s) beyond the 
chlorpyrifos solubility increase, as discussed in the following sections.

3.3. Solubility of chlorpyrifos in the receptor fluids

The reason for using BSA or ethanol in the assay of lipophilic com
pounds is to ensure their solubility in the receptor fluid so that partition 
to the receptor does not act as a barrier to the permeation. According to 
the recent OECD 2022 guideline (OECD, 2022), the solubility of the test 
compound should be at least 10 times higher than the maximum con
centration reached in the receptor fluid at the end of the permeation 
assay.

The water solubility of chlorpyrifos is estimated as 4.8 mg/L (Silva 
et al., 2021a) and values in this order were measured in the receptor 
fluids of the permeation assays (Tables 2 and 3), suggesting that indeed 
the solubility of the pesticide might not be sufficient in some conditions. 

Fig. 3. – Flux (A) and lag time (B) of chlorpyrifos permeation through different skin models and using varying concentrations of ethanol in the receptor 
fluid of the diffusion cell. The purple lozenge represents the data obtained by Griffin et al. (2000) using human skin ex vivo (Griffin et al., 2000), and the horizontal 
dashed line in panel A marks the in vivo human absorption rate reported by Griffin et al. (1999). The results shown were calculated from the kinetic data in Fig. 1 and 
are means ± SE from at least triplicate assays for each condition.

Fig. 4. – Chlorpyrifos solubility in the different solvents used as receptor 
fluids in permeation assays and maximum concentrations reached in the 
respective assays of permeation through human skin. The maximum con
centrations reached were obtained from the kinetic data in Fig. 1A. Logarithm 
of concentrations in mg/L. The results shown are means ± SE from triplicate 
measurements with each solvent.
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We decided to determine the solubility of chlorpyrifos in the different 
receptor fluids and obtained the values presented in Table S3 and 
plotted in Fig. 4. The results showed that ethanol causes a great increase 
in the solubility of chlorpyrifos, almost three orders of magnitude 
(Fig. 4), from 1.6 mg/L in saline (0 % ethanol) to 1.0 g/L in 50 % ethanol 
(Table S3). The solubility of chlorpyrifos in the ethanolic fluids was also 
estimated by the log-linear model (Li and Yalkowsky, 1994) and the 
values obtained are similar to those experimentally determined 
(Table S3).

Collecting the higher concentrations reached in the permeation as
says with human skin (data from Fig. 2 and Table 3), it could be 
observed that the chlorpyrifos concentrations accumulated in the re
ceptors with saline and 10 % (v/v) ethanol were close to the corre
sponding solubilities (Fig. 4). The maximum concentrations were 0.6 
and 0.9 mg/L, respectively. In contrast, the maximums obtained with 30 
and 50 % (v/v) were 1.1 and 5.4 mg/L, respectively. These values are 
more than 10 times inferior to the solubilities, ensuring that the solu
bility of the test compound in the receptor fluid is not rate limiting of the 
permeation process. Moreover, the difference between the receptor 
concentrations and the solubilities is ample with 30 % and 50 % (v/v) 
ethanol (Fig. 4), as well as with 5 % BSA (w/v), indicating that sink 
conditions are maintained through the 8-h permeation assays (Table 2
and Fig. 2), so some other factor must be responsible for the higher 
fluxes observed with 50 % ethanolic receptor (Fig. 3A).

The same can be concluded regarding the assays with other skin 
models. The concentrations reached in the receptors of pig skin and 
STRAT-M® assays are similar or lower than those of human skin, and 
even those observed with the more permeable silicone membrane are 
also far from saturating the receptors containing 30 and 50 % ethanol or 
5 % BSA. The robust acceleration of chlorpyrifos flux through pig skin 
and silicone to 50 % ethanol (Fig. 3A) indicates that ethanol favors some 
other step of the permeation process. In the same direction, a study with 
a less lipophilic compound - thymoquinone (log Ko/w 2.2) - showed that 
the flux of skin permeation could increase almost ten times with the 
presence of ethanol in the receptor fluid, although the solubility increase 
obtained with ethanol addition (1:1) was modest (from 0.4 to 0.8 mg/ 
mL), suggesting that the faster permeation is not simply caused by the 
solubility increase (Haq and Michniak-Kohn, 2018).

This is reinforced by the ethanol-induced decrease in Tlag of chlor
pyrifos permeation so evident with pig skin (Fig. 3B). The Tlag of 
permeation is not expected to depend on the solubility of the permeant 
in the receptor fluid. Assuming a simple Fickian diffusion, Tlag is 
directly proportional to the square of the thickness of the barrier and 

inversely proportional to the diffusivity of the permeant within the 
barrier (Hopf et al., 2020). Pig skin is substantially thicker than the other 
skin models studied (Table S2), which contributes to the larger Tlag 
(Fig. 3B), but the decrease observed with ethanolic receptors indicates 
that the properties of the barrier are altered on interacting with ethanol.

3.4. Contact angle of the receptor fluids

In addition to solubility, the adherence of the receptor fluids to the 
permeation barriers might also affect the kinetics of mass transfer be
tween the two phases. This step is usually not considered limiting of the 
permeation process with skin and aqueous base receptors, but quite 
distinct barriers and receptor fluids are under comparison here. In a 
work with haloperidol, fluids with higher skin wettability - measured by 
the contact angle - promoted the interaction of the drug with the skin 
surface and resulted in higher permeation (Azarbayjani et al., 2010). 
Therefore, we measured the contact angles of the saline and ethanolic 
solutions in the external and internal surfaces of the different barriers. 
The values obtained are in Table S4 and represented in Fig. 5. We have 
also measured the contact angle of the BSA solution and of human 
plasma as a fluid mimicking the tissues’ intercellular fluid (Table S4).

The plasma, BSA and saline solutions produced similar results with 
each surface and barrier (Table S4). In the external surface of human 
skin and STRAT-M® membrane, these fluids had contact angles around 
65–70◦, while in pig skin the results were significantly lower and in the 
silicone membrane it reached 100◦. Silicones in general form hydro
phobic films with low surface tension (Colas and Curtis, 2013). The 
angles obtained for these fluids in the external face of the human skin are 
comparable to those obtained with water in other works (Azarbayjani 
et al., 2010; Kovalev et al., 2014). In the internal surface of human and 
pig skin, low contact angles were obtained with the 3 fluids – inferior to 
20◦ in most cases (Table S4). In contrast, the contact angles with 
STRAT-M® and silicone were higher than 100◦, indicating a strong 
hydrophobicity of the internal surfaces of these synthetic membranes.

When ethanol was present in the fluid, the contact angles decreased 
in a concentration-dependent manner, except if the angle was already 
very small (Fig. 5). In the external surface, significant differences be
tween the barriers persisted through the whole interval of ethanol 
concentrations. The contact angles followed the order: pig skin <
STRAT-M® = human skin < silicone membrane (Fig. 5A). In this 
context, it can be noted that when the acetone vehicle was applied on the 
top of skin models at the beginning of the permeation assays, no sig
nificant differences were observed in the spreading of the solvent 

Fig. 5. – Contact angle of skin and synthetic membranes, external (A) and internal (B) surfaces, with the receptor fluids containing varying concen
trations of ethanol. The results shown are means ± SE from at least triplicate measurements for each condition.
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through the surface of the barriers in contact with different receptor 
fluid compositions, nor in the evaporation that occurred in a few mi
nutes in all cases.

As for the contact angles obtained for the internal surface, the 
decreasing trend with the percentage of ethanol in the drop was also 
observed with the synthetic membranes (Fig. 5B). In human and pig 
skin, ethanolic fluids also showed low contact angles and insensitive to 
the concentration of ethanol, confirming an excellent wettability by all 
the fluids studied as receptors (Fig. 5B and Table S4). Thus, the faster 
permeation of chlorpyrifos through skin to high percentage ethanolic 
receptors (Fig. 3B) cannot be justified by a tighter adherence between 
the barrier and the fluid. In the same way, very different fluxes were 
observed through the silicone and STRAT-M® membranes with receptor 
fluids that show similar contact angles with these membranes, namely 
the 50 % ethanol (Fig. 3A and 5B).

The decrease in the contact angle of the ethanolic fluids, up to 50 % 
(v/v) ethanol, with the synthetic membranes indicates a closer adher
ence favorable to the fast partition of solutes from these barriers to the 
receptor fluids during permeation. However, the contact angles of these 
fluids with human and pig skin (internal surfaces) are much smaller, so 
more favorable, and show no variation with the percentage of ethanol 
(Fig. 5B). Despite that, the permeation fluxes with the skin types are 
intermediate of the synthetic membranes and all increase with 50 % 

ethanolic receptor (Fig. 3A). Therefore, the overall data indicates that 
the solute transfer from the barriers under study to the receptor fluids is 
not a rate-limiting step.

3.5. Crossing of ethanol through the barriers to the donor compartment 
and enhancement of chlorpyrifos permeability

Keeping in mind that using a 50 % ethanol receptor is recommended 
in the guidelines to assess the dermal absorption of hydrophobic com
pounds, we decided to investigate further the potential factors justifying 
the observed increase in chlorpyrifos flux with high percentage ethanol 
receptor fluids (Fig. 3A). From the previous results, the faster perme
ation flux with 30 and 50 % ethanol receptors could not be supported by 
the higher solubility of chlorpyrifos nor by a favored adherence of the 
fluids to the skin models. However, ethanol is known to partition into 
the skin and function as a permeation enhancer in different ways (Berner 
et al., 1989; Gupta et al., 2020; Watkinson et al., 2009).

We hypothesized that ethanol from the receptor compartment pen
etrates the permeation barriers and enhances their permeability. 
Investigating these hypotheses experimentally required adaptations of 
the conventional setup of the permeation assay, as detailed in the 
Methods section 2.7, to study the penetration of ethanol and chlorpyr
ifos in controlled conditions.

Fig. 6. – Kinetics of ethanol accumulation in the donor compartment of diffusion cells by crossing human skin (A), pig skin (B), silicone (C), and STRAT- 
M® (D) from the receptor compartment containing different fluid compositions. The dichromate decolorization by ethanol was calculated relative to the initial 
orange color of the acidified potassium dichromate solution placed in the donor compartment of each assay.
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3.5.1. Detection of ethanol in the donor compartment
The crossing of ethanol from the receptor fluid through the barriers 

was possible to monitor by the decolorization of a dichromate solution 
in the donor compartment of the Franz cell. Fig. S3 in SI shows photo
graphs of the dichromate solutions during the conditioning of the 
different skin models with receptors of saline, 10 and 50 % ethanol. The 
gradual decolorization of the initial orange dichromate solution was 
evident when ethanol was present in the receptor fluid (Fig. S3), and it is 
explained by the reduction of dichromate (University of Canterbury, n. 
d.) by the ethanol reaching the donor compartment of the Franz cells. 
When the receptor contained the saline solution, no significant changes 
were observed in the color of the dichromate solution, even at the end of 
the 30-min incubation (Fig. S3).

The kinetics of the decolorization was quantified by image analysis 
and the results in Fig. 6 show that ethanol penetrates and crosses the 
four skin models to the donor compartment in few minutes. This adds to 
a previous observation that ethanol permeates the skin after application 
on the external surface (Berner et al., 1989). Important to note, the 
silicone membrane was the most permeable to ethanol, as 50 % de
colorizations were achieved in less than 10 min (Fig. 6C)

In the standard permeation assay, the skin and membranes are 
conditioned for 30 min with the receptor fluid before the test compound 
is applied in the donor compartment. The present results demonstrate 
that a few minutes are sufficient for ethanol to diffuse inside the barriers 
and even volatilize at the donor-facing surface. This can highly affect the 
permeation of chlorpyrifos as ethanol increases the skin permeability 
(Gupta et al., 2020).

3.5.2. Effect of the barrier conditioning fluid on the chlorpyrifos 
permeability

The presence of ethanol in the skin models studied is plausible to 
influence the overall permeability of hydrophobic compounds, such as 
chlorpyrifos, by increasing the partition/solubility of the compounds in 
the stratum corneum and by enhancing their diffusivity through the skin 
(Gupta et al., 2020; Haq and Michniak-Kohn, 2018; Pershing et al., 
1990). Both effects can be expected to depend on the concentration of 
ethanol in the receptor fluid conditioning the permeation barrier.

The driving force for skin permeation is expressed by the difference 
in concentration of the compound between the stratum corneum and the 
receptor (Lian et al., 2008; Mitragotri et al., 2011; Pershing et al., 1990). 
Therefore, the conventional permeation assay with the tested compound 
applied in the donor compartment was not suitable to investigate the 
effect of ethanol presence within the skin on the chlorpyrifos diffusivity. 
If the solubility of the compound in the stratum corneum increases with 
ethanol, the driving force for permeation also increases, so the effect on 
the diffusivity could not be isolated from the effect on the stratum cor
neum concentration. A different (inverted) permeation experiment was 
designed enabling to fix the same concentration gradient across the 
barriers, independently of the receptor fluid assayed. As specified in 
Methods section 2.7, the permeation barriers were mounted in the Franz 
cells and conditioned with the receptor fluids as in the standardized 
assay, and then a small volume of chlorpyrifos was added to the “re
ceptor” compartment. A fixed amount of chlorpyrifos was added to 
reach a low concentration, well below the saturation of any of the re
ceptor fluids studied. Afterwards, the upward permeation of chlorpyri
fos was quantified by extracting the compound reaching the external 
surface of the skin and synthetic membranes in 8 h.

The HPLC quantification revealed that the chlorpyrifos found at the 
donor-facing surface of the barriers was higher when a higher percent
age of ethanol was used in the receptor compartment (Fig. 7). This 
ethanol-dependent increase in superficial chlorpyrifos was observed 
with all the skin models studied, but the massive increase with the sil
icone membrane exposed to 50 % ethanol reinforces the sensitivity of 
this barrier to the high percentage ethanolic receptor fluid. Worth 
recalling, the greater increase in chlorpyrifos flux promoted by 50 % 
ethanol receptors in the standard permeation assay was also observed 

with silicone (Fig. 3A). Silicone materials can exhibit high permeability 
to gases and solutes due to low chain-to-chain interactions and high free 
volume (Colas and Curtis, 2013; Watkinson et al., 2009), which is 
plausible to facilitate the penetration of ethanol and the diffusion of 
chlorpyrifos.

The data obtained with the method of upward permeation under an 
identical concentration gradient between the two sides of the barriers 
demonstrate that ethanol from the receptor compartment of the Franz 
cells affects the permeation process by ways beyond the desired solu
bility increase. In the case of the skin, ethanol was described to penetrate 
lipid layers, disturb and extract lipids in a concentration-dependent 
manner, and create channels for molecules’ passage (Bommannan 
et al., 1991; Gupta et al., 2020; Hatta et al., 2017). The properties of 
silicone are also known to be affected by ethanol (Tan et al., 2020), but 
we found no other studies of STRAT-M® with ethanolic solvents. 
Clearly, the use of ethanol in the receptor fluid of the dermal permeation 
assays needs more careful consideration, and additional studies of syn
thetic membranes like STRAT-M® in ethanolic fluids are needed to 
promote wider adoption of these skin surrogates in the assays.

4. Conclusions

In this study, experimental data on the permeation of chlorpyrifos 
through pig skin ex vivo, silicone and STRAT-M® membranes is provided 
for the first time, and in conditions directly comparable to the perme
ation through human skin ex vivo and the published in vivo absorption 
data. The in vivo data of Griffin and colleagues (1999) should be 
regarded with caution as the absorption rate of chlorpyrifos was simply 
computed from the total amount of metabolites collected in urine 
divided by exposure time (Table S1). In spite of the limitation of this 
approach, it provides the best available estimative of the dermal ab
sorption rate of chlorpyrifos.

The use of receptor fluids containing BSA and ethanol in the in vitro 
permeation assay was investigated diligently. None of the guidelines- 
recommended 5 % BSA and 50 % ethanol receptors in Franz cells 
returned completely acceptable results. With the BSA receptor, and 
despite the notable increase in solubility of chlorpyrifos in this fluid, the 
in vitro permeation through skin and the STRAT-M® membrane was well 
below the reported in vivo human data (Griffin et al., 1999). In this 

Fig. 7. – Amount of chlorpyrifos in the skin models’ surface facing the 
donor compartment after upward migration from the receptor compart
ment containing different fluids. The skin and synthetic membranes were 
assayed with saline solution, 10 and 50 % ethanol in the receptor compartment. 
The initial concentration of chlorpyrifos in the receptor fluids was fixed (0.16 
mg/L). The permeation occurred for 8 h, at 32 ◦C, and the superficial chlor
pyrifos was measured by HPLC.
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concern, skin permeability results compiled in the recent SkinPiX 
dataset also indicate that the presence of BSA (2 %) in receptor fluids has 
no major influence in the measured transcutaneous permeation, at least 
of compounds having log Ko/w up to 1.6 (Chedik et al., 2024). Never
theless, when we used the 50 % ethanol receptor, some of the perme
ation results were quite high - including with human and pig skin - 
reinforcing previous indications that high percentage ethanolic re
ceptors can overestimate the human skin permeability (Silva et al., 
2021a; Thors et al., 2016).

The influence of different concentrations of ethanol in the receptor 
fluid on the permeation of the hydrophobic pesticide through skin and 
the synthetic membranes is another contribution for improving the 
standardization of the in vitro dermal absorption assay and the wider 
adoption of non-animal skin models. The silicone membrane and the pig 
skin were more sensitive to ethanol than human skin and STRAT-M®. 
The permeation data herein obtained allow us to propose STRAT-M® as 
a useful non-animal model to investigate the percutaneous permeation 
of chlorpyrifos, simulating human skin exposure to the pesticide, even 
when using ethanolic receptors needed to assay lipophilic compounds. 
Nevertheless, human skin explants remain essential to integrate the ef
fects of formulation ingredients, different permeation pathways and 
metabolism on the in vitro dermal absorption of compounds (Mitragotri 
et al., 2011; Olkowska and Gržinić, 2022).

Ethanol-containing receptors in the in vitro assay afforded a better 
estimate of chlorpyrifos dermal absorption than the BSA receptors. 
However, the increase of ethanol in the receptor fluid led to a faster 
permeation of chlorpyrifos through every skin model tested, especially 
with the higher 50 % concentration tested, that neither solubility nor 
barrier-receptor fluid adherence could justify. On the contrary, with all 
skin models we found that ethanol migrates from the receptor to the 
donor compartment in a concentration-dependent way, and the ethanol 
within the permeation barriers increases chlorpyrifos diffusivity. 
Therefore, it becomes very valuable that receptor fluids with for 
example 30 % ethanol also ensure sufficient chlorpyrifos solubility for 
assays longer than 8 h, and yielded permeation parameters – at least 
with human skin and synthetic membranes – that are predictive of 
human in vivo dermal absorption.

Future studies utilizing spectroscopic (Bommannan et al., 1991; 
Hatta et al., 2017; Kwak et al., 2012) and histological techniques can be 
valuable for refining the effects, at the molecular and structural levels, of 
different concentrations of receptor’s ethanol on the skin during dermal 
permeation experiments. Also important for future research, there is a 
need for information on the integrity of synthetic membranes in high 
ethanolic fluids.

Finally, the results presented in this study support the following 
recommendations. 

- The percentage of ethanol in the receptor fluid of in vitro dermal 
permeation assays should be minimized to the necessary level to 
attain the desired solubility or partition of the lipophilic compound 
tested;

- The effect of ethanol on the permeability properties of synthetic 
membranes (candidate skin models) should be further investigated 
for a range of compounds covering high and low lipophilic com
pounds to lay the groundwork for their potential acceptance in future 
methodologies.
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